Abstract Active K + secretion in guinea pig distal colon was studied in vitro in Ussing chambers. Changes in short-circuit current (ISO), transepithelial conductance (Ge), and the unidirectional flux of 42K from serosa to mucosa (J) were determined under a variety of physiological and pharmacological conditions. Mucosal tetraethylammonium (TEA) (10 or 30 mM) increased ISO, while it decreased Gt and J m. Seroal bumetanide (10-4 M) also caused an increase in ISO and decreases in Gt and JK,. The effects produced by TEA were abolished in the presence of bumetanide. The increase in ISO caused by bumetanide was greatly reduced by mucosal high-K + conditions. Isoproterenol (10_6 M), a f3-adrenergic agonist, elicited a decrease in ISO and an increase in Gt. Responses to isoproterenol (10 -6 M) were reduced or abolished by mucosal TEA, serosal bumetanide, serosal ouabain (10-4 M), and serosal Na+-or Cl--free conditions. Mucosal high K + also reduced the isoproterenol-induced decrease in ISL. These results suggest that K+ secretion is electrogenic and dependent on the bumetanide-sensitive cotransport in the basolateral membrane. K+ exit across the apical membrane might be conductive and sensitive to TEA. In addition, f3-adrenergic agonists might stimulate K + secretion.
. It is proposed that K+ uptake across the basolateral membrane is active and mediated by (Na+ +K+)-ATPase since ouabain added to the serosal side has been shown to inhibit K + secretion (WILLS and BIAGI, 1982; MCCABE et al., 1982 MCCABE et al., , 1984 PLASS et al., 1986; SULLIVAN and SMITH, 1986) . In addition, the increases in K + secretion induced by dietary-K + loading or Na + deprivation are associated with an increase in (Na + + K + )-ATPase activity of colonic epithelium (FISI-mR et al., 1976; HAYSLETT et al., 1980; KASHGARIAN et al., 1980) . K+ accumulated in the cell above its electrochemical equilibrium is believed to exit passively through the conductive pathway in the apical membrane (MORETO et al., 1981; MCCABE et al., 1984; SANDLE et al., 1985; WILLS, 1985; PLASS et al., 1986) .
The present study aimed at further characterization of membrane transport processes involved in active K+ secretion in guinea pig distal colon in vitro. To this end we measured short-circuit current (I5C), transepithelial electrical conductance (Gt), and unidirectional fluxes of 42K from serosa to mucosa (J m), and examined the effects on these parameters of mucosal tetraethylammonium (TEA), serosal bumethanide, and adrenergic agonists.
MATERIALS AND METHODS
Tissue preparation. Female Hartley strain guinea pigs (Funabashi Farm, Funabashi, Japan), weighing 250-350 g (4-8-weeks-old), had free access to conventional food (GM-4S, Funabashi Farm) and water until the time of the experiments. They were killed by a blow to the neck and a portion of the distal colon from 5 to 15 cm orally to the anus was removed. The colon was opened longitudinally into a flat sheet and the mucosa was separated from the underlying connective tissue and musculature using glass microscope slides, and then mounted between Ussing-type chambers.
Two different kinds of Ussing-type chambers were used: a perfusion-type chamber and a non-perfusion-type chamber. Perfusion-type chambers had an exposed tissue area of 0.13 cm2 and the mucosal and serosal sides were independently and continuously perfused by gravity feed at a rate of 1.5 ml/min. These were used for all the experiments except 42K flux measurements. Non-perfusiontype chambers had an exposed tissue are of 0.38 cm2 and could contain 5 ml of the solution. These were used only for the experiments to determine unidirectional fluxes of 42K (Result 4). The duration of each experiment was within 5 h.
Solutions and chemicals. The basic solution contained the following constituents (in mM): NaC1,119; NaHC03, 21; K2HP04, 2.4; KH2P04, 0.6; CaC12,1.2; MgCl2,1.2; glucose, 10. For the experiments to examine the effect of tetraethylammonium (TEA), we used solutions in which TEA-Cl replaced equimoktr NaCI. As the control solution for these experiments, choline-Cl was added in place of TEA-Cl so that Na+ concentration was kept constant. For high-K+ solution, 100mM KCl was added in place of 100 mM NaCI (total K+ concentration: 105.4 mM). For Na+-free solution, choline was used as a substitute. For Cl --free solution , Cl -was replaced by sulfate, and mannitol was added to keep osmolality constant; Cat + concentration of this solution was raised to 3.26 mM to keep the Cat + activity approximately constant. All the solutions contained 1 mM ascorbic acid to prevent oxidation of catecholamines. The solutions were gassed with a mixture of 95% 02 and 5% CO2. Experiments were performed at 35-37°C.
l-Isoproterenol bitartate, dl-propranolol hydrochloride, and ouabain were purchased from Sigma Chemical Co. (St. Louis, U.S.A.). The /-adrenaline bitartrate was purchased from Nakarai Chemicals, Ltd. (Kyoto, Japan). Phentolamine mesylate was purchased from Ciba-Geigy Japan, Ltd. (Takarazuka, Japan). The 1-ascorbic acid was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Bumetanide was a gift from Sankyo Co., Ltd. (Tokyo, Japan). Measurements of ISO and unidirectional fluxes of 42K. All the experiments were performed under short-circuit conditions using an automatic voltage clamp device with fluid resistance compensation (VCC600, Custom Control, Houston, U.S.A.). The ISO is referred to as positive when current flows across the tissue from the mucosal side to the serosal side. Transepithelial potential ( Vt) was measured through 1 M KCl-agar bridges connected to calomel electrodes, and transepithelial current was passed through 1 M KCl-agar bridges connected to Ag-AgCI electrodes. Transepithelial conductance (Gt) was determined intermittently from the change in current required to clamp Vt from zero to 2-4 mV (duration, 5 s; interval, 60 s) using Ohm's law. The current-voltage relationship was linear within this Vt range.
Unidirectional fluxes of K+ from serosa to mucosa (J) were determined with 42K which was obtained from Japan Radioisotope Association (Tokyo) . After the addition of isotope to the serosal bathing solution, 30 min were allowed for equilibration, and then four samples (each 0.5 ml) were taken from the mucosal side at 15-min intervals, thereby obtaining J ,'s during three flux periods. Radioactivity was measured with a gamma-counter (Aloka, model ARC-351).
Tissues obtained from some animals showed only a transient increase in ISO but not any decrease in its response to serosal adrenaline or isoproterenol (1-5 x 10-6 M). In addition, changes in ISO and G~ caused by serosal Bumetanide (10-4 M) were hardly detectable in these tissues. We assume that in the colons of this group of animals K + secretory activity is suppressed by a mechanism which is unclear at present. The results obtained from these tissues are not included in the present report.
Statistics. Results are given as mean + S.E.M. (n = sample size). Statistical significance was evaluated using the paired or unpaired Student's t-test and a value of p <0.05 was considered significant. Paired samples are those obtained successively from the same tissue.
1. Effects of mucosal TEA and Bat + The colons perfused with the basic solution exhibited an ISO of -39±7 iiA/cm2 and a G, of 12.8 + 1.3 mS/cm2 1 h after the start of perfusions. Three h later, the ISO increased slightly to -20±7 µA/cm2 (p <0.01), whereas the Gt did not change significantly (n =13).
Application of 10 mM TEA to the mucosal side caused an increase in ISO and a decrease in Gt (Fig. 1, right-hand side) . These changes were reversed upon perfusing with the control solution again. Mucosal Bat + (2 mM) had qualitatively similar effects on ISO and Gt. Table 1 summarizes the changes in ISO and G5 induced by 30 and 10 mM TEA, and 2 mM Ba2 + . At the concentration of 30 mM, TEA increased ISO by 24±5 µA/cm2 and decreased Gt by 1.5±0.3 mS/cm2. The increase in ISO and the decrease in Gt caused by 10 mM TEA were slightly smaller than those by 30 mM TEA, although the differences were statistically insignificant. The changes caused by 2 mM Ba2 + were less than those by 30 mM TEA.
TEA and Ba2 + are known to inhibit membrane K + channels (LATORRE and MILLER, 1983) . Thus, one possible interpretation of these findings is that mucosal TEA and Ba2 + inhibited active electrogenic K + secretion by interfering with K + flow from the cell to the mucosal side through the conductive pathway in the apical membrane. Inhibition of electrogenic K+ secretion would increase ISc and a blockade of the membrane conductive pathway would possibly decrease Gt.
Effect of serosal bumetanide
Serosal application of 10 -4 M bumetanide reversibly increased ISO and decreased Gt (Fig. 1 , left-hand side). Thus, the effect of bumetanide was qualitatively similar to that of mucosal Ba2 + or TEA, but the magnitude of changes in ISO caused by the former was larger than those caused by the latter agents under these concentrations (Table 1 ).
Figure 1 also shows the result of the experiment in which we examined the additivity of the effects of mucosal TEA and serosal bumetanide. In the presence of 10 -4 M bumetanide in the serosal side, mucosal addition of 10 mM TEA did not elicit any detectable change in either ISO or Gt (d G< <0.2 mS/cm2) ( Fig. 1 , left-hand side). A similar results was obtained from four tissues. On the other hand, addition of bumetanide to the serosal side in the presence of mucosal TEA could produce changes in 1 c and Gt. These changes were, however, smaller compared with those in the absence of mucosal TEA (Fig. 1 , right-hand side). A similar result was obtained from five tissues, two using 10 mM TEA and three using 30 mM TEA. The toral changes in ISO and Gt caused by mucosal TEA and then serosal humetanide were not different from those caused by serosal bumetanide alone ( Table 2) .
The ISO and G, changes caused by mucosal Ba2 + (2 mM) were also abolished by the presence of serosal bumetanide (10 _4 M) (two observations, data not shown).
These observations suggest that mucosal Bat + or TEA, and serosal bumetanide might affect some common ion transport process and that the effect of bumetanide is saturating whereas the effects Bat + and TEA are incomplete at these concentrations.
Effect of mucosal high K+ on bumetanide-induced response
The possibility that serosal bumetanide might inhibit K+ secretion was explored in the presence of a high concentration of K + (105.4 mM) in the mucosal solution, an unfavorable condition for K + secretion. As is summarized in Table 3 , the increase in ISO induced by 10 -4 M bumetanide was essentially abolished under mucosal high-K + conditions. The decrease in Gt under this condition was not Vol. 37, No. 1, 1987 4. 42K flux The effects of mucosal TEA and serosal bumetanide on unidirectional fluxes of 42K from serosa to mucosa (J) were explored using non-perfusion-type chambers .
The result is summarized in Fig. 2a . Addition of 10 -4 M bumetanide to the serosal solution caused a reduction in J m. At a concentration of 10 mM, TEA added to the mucosal side also reduced J m. The magnitude of change by TEA was significantly smaller than that by bumetanide. The decrease in J m in the presence of both mucosal 10 mM TEA and serosal 10-4 M bumetanide was not significantly different from that in the presence of bumetanide alone. Figure 2b and c show ISO and Gt. Note that ISO decreased upon the addition of bumetanide in this experiment (Fig. 2b) , a response opposite to that obtained when perfusion-type chambers were used (Fig. 1) . This may possibly be due to the enhancement of electrogenic C1 secretion when tissues were mounted in nonperfusion-type chambers; the reason, however, is presently unknown. In many Clsecreting epithelia, the addition of loop diuretics such as bumetanide and furosemide to the serosal side is known to inhibit Cl -secretion with a concomitant decrease in ISO (FRIZZELL et al., 1979) . A large decrease in ISO due to inhibition of electrogenic Cl-secretion by bumetanide might well conceal a possible increasing Japanese Journal of Physiology Table 2 .
Comparison of the effect of bumetanid e and bumetanide + TEA. Table 3 . Effect of mucosal high K+ on the bumetanide (10-4 M)-in changes in Is~ and G,. 
Effect of adrenergic agents on I, and Gt
Addition of 10-6 M adrenaline to the serosal side caused a decrease in ISO and an increase in Gt (Fig. 3) . This effect was reversed upon perfusion with the control solution again. Occasionally, a small and transient increase in ISO was observed preceding its decrease. Table 4 shows the result from the experiment to determine which type of adrenergic receptor, a or f3, is involved in these responses to adrenaline. The changes in ISO and Gt induced by 10-6 M adrenaline were not affected significantly in the presence of 5 x 10-6 M phentolamine (a-adrenergic antagonist), whereas these responses were virtually abolished in the presence of 5 x 10-6 M propranolol (/3-adrenergic antagonist). Addition of phentolamine or propranolol at these concentrations caused no noticeable effect on ISO and Gt by themselves. Isoproterenol (10_6 M), a /3-adrenergic agonist, could elicit essentially the same response as Japanese Journal of Physiology adrenaline (e.g. Fig. 4 ). These findings indicate that f3-adrenergic receptor is mainly involved in adrenaline-induced changes in ISO and Gt.
6. Effect of mucosal TEA and serosal bumetanide on isoproterenol-induced response The changes in ISO and Gt induced by /3-adrenergic stimulation are the opposite from those effected by mucosal TEA and serosal bumetanide, suggesting that these Vol. 37, No. 1, 1987 Table   5 . Effect of bumetanide, TEA, and mucosal high K+ (10-6 M)-induced changes in ISO and Gt.
on the isoproterenol may be due to enhancement of some transport processes which are inhibited by TEA and bumetanide, possibly K+ secretion. The following are the results from the experiments to explore this possibility. Figure 4 shows that, in the presence of 30 m vt TEA on the mucosal side, changes in I,, and Gt produced by mucosal 10-6M isoproterenol become smaller as compared with the responses under the control conditions (Table 5a ). By contrast, as is evident from Fig. 4 , the increase in ISO caused by 30 mM TEA was enhanced by the presence of isoproterenol (AI SO from 26±7 to 40±5 pA/cm2, p <0.01, n = 5). Figure 5 shows that, in the presence of 10-4 M bumetanide on the serosal side, changes in ISO and Gt caused by 10-6 M isoproterenol were essentially eliminated (Table Sb) . Figure 6 shows that, when the mucosal side was perfused with the solution containing 105.4 mM K +, the change in ISO caused by isoproterenol was greatly reduced. By contrast, the increase in Gt was remarkably enhanced under this condition (Table Sc) .
Effects of Na+-and Cl-free and ouabain on isoproterenol-induced response
Removal of Na+ from the serosal perfusate virtually abolished the changes in ISO and Gt induced by 10-6 M isoproterenol. On the other hand, removal of Na + from the mucosal perfusate did not have any significant effect on the isoproterenolJapanese Journal of Physiology induced changes in ISO or Gt (Table 6a ). Removal of Cl -from the serosal side inhibited the isoproterenol-induced changes in ISO and Gt, whereas removal from the mucosal side had no significant effect (Table 6b) Table 6 . Effects of Na +-free and Cl --free solutions on the isoproterenol (10-6 M)-induced changes in ISO and Gt.
isoproterenol failed to cause any noticeable changes in I, or Gt (data not shown, three observations). The response to isoproterenol was resumed after perfusing the tissue with the control solution for 60 min.
DISCUSSION
In the present study of guinea pig distal colon in vitro, we have shown that mucosal TEA (30 mM) and Bat + (2 mM) and serosal bumetanide (10 4 M) cause an increase in ISO which is associated with a decrease in Gt. The ISO change induced by bumetanide was greatly reduced when the mucosal side was perfused with a high-K+ solution. The measurements of J m revealed that both mucosal TEA and serosal bumetanide decrease J m. These changes in ISO and J m were both significantly larger for serosal bumetanide than for mucosal TEA. In addition, the effects of TEA and bumetanide were not additive; the changes produced by mucosal TEA were abolished in the presence of bumetanide. These observations are consistent with the hypothesis that active electrogenic K+ secretion is present in guinea pig distal colon and that both mucosal TEA or Bat + and serosal bumetanide inhibit this secretion. However, the inhibitory effect of bumetanide is almost complete while the effects of TEA and Bat + are only partial under the present experimental conditions.
The two transport processes in the mammalian colon which are known to generate transepithelial current flow are amiloride-sensitive Na+ absorption and Cl-secretion (SCHULTZ et al., 1977; FRIZZELL et al., 1979) . Increases in these transport processes cause an increase in ISL. It is not likely, however, that the increase in ISO produced by TEA and bumetanide would be a consequence of stimulation of one of these processes since increases in Na + absorption and Cl secretion are associated with an increase in Gt, whereas a decrease in Gt occurred with the increase in ISO produced by TEA and bumetanide. Although a decrease in K+ secretion is the most plausible explanation for the ISO changes caused by bumetanide and TEA, it remains to be determined whether or not these ISO changes are entirely due to a decrease in K+ secretion since we determined only J m but not unidirectional fluxes of K + from mucosa to serosa. The electrogenic nature of K + secretion has been demonstrated in rabbit distal colon (PLASS et a!.,1986; SMITH and MCCABE,1986) . In this tissue, stimulation of K+ secretion by an adrenergic agonist was associated with a decrease in ISO which was in good agreement with an increase in net K + secretion. The addition of mucosal TEA and Bat + and serosal bumetanide brought about a significant reduction in Gt ( Fig. 1 and Table 1 ). This could be due to a decrease in the electrical conductance of either a cellular pathway or a paracellular pathway, or both. It was found that the decreases in Gt under these conditions were closely related to the changes in ISO which occurred concomitantly; the ratios of AI, to d Gt were within a range from -16 to -23 mY, very close to each other (calculated from the result given in Table 1 ). Since a blockade of a paracellular pathway would not cause a change in ISO, the intimate relation between the changes in Gt and ISO suggests that these Gt changes occur mostly, if not entirely, as a result of a decrease in the conductance of a cellular pathway. Consequently, we assume that mucosal TEA and Bat +, and serosal bumetanide would have little effect on the paracellular permeability at the concentration used in the present study.
The first step in K + secretion is the uptake of K + from the serosal side into the cell across the basolateral membrane. This has been suggested to be mediated by (Na+ +K+)-ATPase, since ouabain added to the serosal side inhibits active K+ secretion (WILLS and BIAGI, 1982; MCCABE et al., 1982 MCCABE et al., , 1984 PLASS et al., 1986; SULLIVAN and SMITH, 1986) . For (Na+ +K+)-ATPase to support the K+ uptake, a continuous supply of Na + into the cell might be necessary. Most of this Na + may not be provided from the mucosal side since neither addition of amiloride to, nor removal of Na+ from, the mucosal side has been shown to affect active K+ secretion to a significant degree (FRIZZELL et al., 1976; YORIO and BENTLEY, 1977; FOSTER et al., 1984; MCCABE et al., 1984; PLASS et a!., 1986) . The present finding that K + secretion is inhibited by serosal bumetanide suggests that Na + entering from the serosal side across the basolateral membrane through a bumetanide-sensitive cation and anion cotransport (Na + -Cl -or Na +-K +-2C1-) is important for K+ secretion (SCHLATTER et al., 1983) . This notion is supported by the present observation that the effect of /3-adrenergic agonist is virtually abolished by serosal, but not by mucosal, Nat-free or C1-free conditions (Table 6 ). The effect of f3-adrenergic agonist is possibly the stimulation of K + secretion (see below).
The important role of a cation and anion cotransport for K+ secretion has already been implied in rabbit and rat distal colon. In rabbit distal colon, active K + secretion was inhibited by serosal furosemide and by serosal, but not by mucosal, Nat-and Cl -free conditions (PLASS et al., 1986; SULLIVAN and SMITH, 1986) . In rat distal colon, removal of Na + or Cl -from the bathing solution reduced K + secretion, although it was not determined whether musocal or serosal Na + and Cl are important (FOSTER et al., 1984) . On the other hand, in the proximal colon of the rabbit and rat, K + secretion was inhibited by Na + removal but not by Cl -removal, indicating that the mechanisms responsible for active K+ secretion are not identical in proximal and distal colon (FOSTER et al., 1984; SULLIVAN and SMITH, 1986) .
K + accumulated in the cell above its electrochemical potential difference is believed to exit passively through the conductive pathway in the apical membrane. The inhibition of K + secretion by mucosal TEA and Bat +, which are known to obstruct membrane K + channels in a variety of cells, is very likely due to their interaction with this apical membrane process (LATORRE and MILLER, 1983) . The decrease in Gt under these conditions appears to reflect a blockade of this pathway whereby electrical conductance of the apical membrane is reduced. Using the same preparation, CLAUSS et al. (1985) reported that mucosal Bat + (10 mM) caused an increase in ISO but no significant change in Gt. Inhibition of active K + secretion by mucosal Bat + was likewise observed in rabbit colon PLASS et al., 1986) . The presence of a conductive pathway for K+ in the apical membrane, which is sensitive to TEA, has been inferred in rat and rabbit colon (MORETO et al., 1981; WILLS, 1985; SANDLE et al., 1985) .
Inhibition of K + secretion by serosal bumetanide was accompanied by a decrease in Gt (Fig. 1, Table 1 ). This appears to be at least in part due to the decrease in electrical conductance of the apical K + pathway, since, in the presence of bumetanide, the G, decrease induced by mucosal TEA and Bat +, which is likely due to the obstruction of the apical K+ channel (see above), was essentially abolished (Fig. 1) . One possible explanation for the decrease in conductance of the apical membrane K + pathway is the reduction of intracellular K + concentration as a result of inhibition of K + uptake across the basolateral membrane. Changes in conductance of ionic channels might well occur when the concentration of permeable ions in the solution changed. Whether this is the sole mechanism or whether other mechanisms, such as a reduction in permeability of apical K + channels, are involved in the decrease in conductance of apical membrane K + pathway caused by serosal bumetanide remains to be elucidated.
Adrenergic agonists caused, through an interaction with the f3-adrenergic receptor, a decrease in ISO and an increase in Gt in guinea pig colon. These changes are most likely due to stimulation of active K+ secretion for the following reasons:
(1) The responses to isoproterenol were remarkably reduced by serosal bumetanide or ouabain and removal of Na+ and Cl-from the serosal side, but not by their removal from the mucosal side. (2) Mucosal high K + caused a significant reduction in these changes. (3) In the presence of TEA on the mucosal side, isoproterenolinduced changes in ISO and Gt were significantly reduced, whereas TEA-induced increase in ISO and decrease in Gt were increased by pretreatment with isoproterenol. Thus, the experimental maneuvers by which K + secretion is likely inhibited also reduced the responses to /3-adrenergic agonists.
Stimulation of K+ secretion and a decrease in ISO elicited by j3-adrenergic agonists have been demonstrated in rabbit distal colon (PLASS et al., 1986; SMITH and MCCABE, 1986) . In rat colon, adrenergic stimulation caused an increase in the absorption of Na+ and Cl-and a decrease in ISL. These responses were mediated by both a-and f3-adrenergic receptors. Whether or not an increae in K + secretion occurs under these conditions remains to be determined (RACUSEN and BINDER, 1979) .
Enhancement of K + secretion by /3-adrenergic agonists could be due either to an increase in the permeability of the conductive K + pathway in the apical membrane or to the stimulation of K + uptake across the basolateral membrane, or both. The finding that the isoproterenol-induced increase in Gl was three to four times larger when the mucosal side was bathed with a high-K + solution compared with the control solution ( Fig. 6 and Table 5c) suggests that at least an increase in apical membrane permeability to K + might occur during stimulation by isoproterenol from the following consideration: at a fixed permeability, electrical conductance of the apical K+ channel would be increased when K+ concentration in the mucosal bathing solution was elevated and, consequently, its changes due to alterations in permeability would also be augumented under this condition. Therefore, the enhancement of the isoproterenol-induced increase in Gt by mucosal high K+ solution can be explained in terms of an increase in apical membrane permeability to K+ induced by isoproterenol. It remains to be elucidated whether /3-adrenergic agonists, in addition, directly stimulate the K+ uptake processes across the basolateral membrane rather than indirectly as a result of an increase in the driving force of the K+ uptake due to the increase in K+ exit rate across the apical membrane.
